Abstract-Distributed generation networks including micro grids benefit from solar cells that are controlled by dc-dc converters. In this paper a nonlinear discrete-time model for a buck converter tied to a solar system is derived with unknown internal dynamics. Then, adaptive neural network (NN) controller is employed to enhance stability of dc-dc converter connected to grid-tie inverter (GTI) in the presence of power system disturbances. The NN weights are tuned online by using a novel update law. By using Lyapunov techniques, all signals can be shown to be uniformly ultimately bounded (UUB). In addition, the interaction of the converter with the GTI is investigated to assure stability of the entire interconnected system while the GTI is controlled via a novel stabilizer similar to power system stabilizer (PSS). The proposed nonlinear discrete-time converter controller along with the GTI, equipped with PSS, is simulated in Matlab Simulink environment. The results have highlighted the effectiveness of the proposed modeling and controller design.
I. INTRODUCTION
Photovoltaic (PV) power generation systems are becoming ubiquitous due to their simple and noiseless operation as well as availability of solar power. However, the output electric characteristics of the solar cells are highly nonlinear rendering its power very sensitive to the output voltage [1] , [2] . For maximum utilization efficiency, it is necessary to match the PV generator output voltage to that of the load such that the operating points of the PV generator and load coincide (preferably at the maximum power point (MPP) of PV.) In order to adjust the operating point of the PV generator, a dc-dc converter is incorporated to the system as an interface between the solar array and the GTI connecting the solar array to the power network [3] , [4] . As the PV generator and the GTI interact with each other, due to their inherent non-linearity and lack of inertia, the system is potentially subject to oscillations resulting from network disturbances [3] , etc. These properties have been investigated extensively in the literature in both dc-dc and dc-ac parts using different levels of simplifications and assumptions for modeling the components of the system [5] - [18] . Most of these research works have assumed linear models and infinite-bus connection [3] . The maximum power voltage (MPV)-based approaches have been developed in [2] , [5] , and [6] but the dynamics of the dc-dc converter are not taken into account. The works of [7] - [11] propose a dynamic model of solar dc-dc converter neglecting the converter input voltage dynamics, which can affect the solar output power. In [12] a dynamical model for a buck converter is described by the state equations and power system stability analysis has been introduced using a linearized system model in the presence of the renewable energy sources. However, this method implies that the states variations are in a small region around the operating point. For a more accurate description the dc-dc converter is modeled in discrete-time [18] , [19] . However, interaction of the inherently nonlinear solar cells with the dc-dc converter is not investigated.
On the other hand, stability issues of power systems involving GTI controlled by droop controllers has been the subject of several studies [13] , [14] in which small-signal state-space modeling and analysis of a micro grid are presented. In [14] the model was analyzed in terms of the system eigenvalues and their sensitivity to different states where it is shown that the dominant eigenvalues are caused by the droop controller. In [15] - [17] various dynamical models of renewable energy sources and the interfacing power electronics are introduced. However, it is always assumed that the renewable source is connected to an infinite bus, an assumption that is not valid if the share of renewable energy sources is significant or the power system does not have large amounts of stored energy.
The switched operation of the converter and the resulting discrete-time model gives an appropriate representation of the system states at the sampling instants. Thus, in this paper a nonlinear discrete-time model for a solar-systemconnected buck converter is developed. The control input is the duty cycle, which is a discrete-time variable and is altered at the beginning of each switching period. Next, adaptive NN controller is utilized to obtain a stable dc-dc converter. Next, the GTI connecting, the dc-dc converter to the grid is equipped with an observer/controller that models the GTI similar to a synchronous generator, and thus, makes available the utilization of excitation-like damping controller that aims at stabilizing the inverter dc-link capacitor. Here, the proposed inverter observer/controller is an improved version of a mechanism proposed by the authors in their past work [20] that is able to employ a control signal from excitation-like mechanisms in order to stabilize the GTI dc-link capacitor voltage. Besides, the dcdc converter is separately controlled by the proposed adaptive NN discrete-time controller and decoupled from the GTI in this work. The NN controller employs a novel update law that prevents the NN weight estimates from remaining large after the regulation error becomes small, as opposed to conventional update laws [21] , [22] . The performance of the nonlinear discrete-time dc-dc converter controller is evaluated in simulation carried out in Matlab/Simulink environment. The corresponding results have highlighted the effectiveness of the proposed modeling and controller design in stabilizing PV generator output power as well as the stability of the inverter dc-link voltage in the presence of the power system disturbances. This paper is organized as follows. Background information is given in the next section and the GTI model is explained. The developed discrete-time model for the dcdc converter is explained in Section III followed by the proposed nonlinear discrete-time controller in section IV. Simulation results and concluding remarks are presented in sections V and VI, respectively.
II. GRID-CONNECTED RENEWABLE SYSTEM
In this section the solar power generation system is elaborated, which is comprised of solar panels, a dc-dc buck converter, and a GTI interfacing the ac network as depicted in Fig. 1 . When a disturbance occurs in the power network the capacitors' energies deviate from their normal operating values due to the imbalance caused by the perturbation. If there is no controller to mitigate the oscillations, the power system will face power oscillations and a potential instability which prevents the system from returning to its normal operating states. The disturbance affects the converter and GTI states as well as power network voltages and angles. In order to diminish the oscillations and improve the system dynamics, the power electronics interfaces consisting the dc-dc converter and the GTI need to be controlled through proper modeling and control designs. In [20] , the GTI is modeled as a synchronous generator with an excitation-like control input. Thus, conventional synchronous generator control methods are applicable to the GTI connecting renewable generator to the grid. This section is continued by a brief introduction to synchronous generator equations and the GTI modeling and control. The detailed modeling and control characteristics for the dc-dc part are stated in the subsequent sections.
A. Synchronous Generators
In the two-axis model [20] , synchronous generator dynamical equations are given as [20] , fd E is the field voltage, and V and θ are the generator bus voltage and phase angle, respectively. The generator electrical power can be calculated [20] as
is the generator transient admittance. The bus voltages and phase angles are constrained by the nonlinear algebraic power balance equations.
B. Grid-Tie Inverter Model/Observer
A large number of renewable energy systems (especially in distributed generation power systems and micro grids) are connected to the main grid through a GTI that is shown in Fig. 1 .
As opposed to some conventional methods that assume an infinite bus when renewable sources are considered [15] - [17] , here a differential-algebraic model of the ac and dc components of a GTI is presented in which the angle of inverter's output voltage, the capacitor's stored energy and the associated controller dynamics will have equivalent dynamical behaviors as those of a synchronous generator. Thus, all known control strategies for a multi-machine power system with excitation control such as AVR (automatic voltage regulator), PSS and nonlinear controllers can be utilized to control the renewable energy sources.
The differential equation of the capacitor voltage driven by power balance equation in GTI dc-link is given by e s out out out
v denotes the inverter output voltage, s P is the solar power injected to the capacitor, γ is the inverter ac voltage angle with respect to the grid's slack bus reference, and V and θ represent the voltage and phase angle of the bus connected to the inverter with the reactance B (Fig. 1 .) The input power s P is assumed to be provided by a renewable energy source connected to the dclink. Inverter gain inv k and the GTI's ac voltage angle γ are two control parameters that can be tuned to control the GTI's voltage and power. That is, the inverter ac voltage magnitude inv v (a function of inv k ) and angle γ can be altered to adjust the GTI's power. Voltage conversion relationship in the inverter is given as [20] 
An auxiliary state λ can be defined such that it satisfies the power balance equation (3) E , equivalent to those in synchronous generator, it yields the GTI output power similar to a synchronous generator [20] . Consequently, the GTI can be modeled as equations comparable to (1) 
Now, the renewable source can be considered as an imaginary synchronous generator and will behave similarly. Next, conventional control strategies for a synchronous generator system can be utilized for this system. For instance, an AVR-like mechanism can be used to control the terminal voltage using the feedback from the inverter terminal voltage as depicted in Fig. 1 [20] .
III. CONVERTER DISCRETE-TIME CONTROLLER
Usually the maximum power point tracking (MPPT) is desirable for the photovoltaic system steady-state operation. However, without an appropriate controller maximum power point can behave unstably when power oscillations occur in the perturbed power system due to a decrease in generated power when terminal voltage drops as a result of increase in the output power. Yet, regardless of the operating point, the PV terminal voltage can be stabilized and maintained constant by adjusting the duty cycle of the dc-dc converter through a proper stabilizing controller during the moments of power fluctuations caused by disturbances. A typical PV generator with the associated dc-dc buck converter is demonstrated in Fig 2. In order to maintain a constant flow of power to dc-link capacitor out C considering the capacitor voltage fluctuations during disturbances, the duty ratio d of the dc-dc converter needs to be adjusted, dynamically. , respectively, over the sampling period and are updated at the end of the period T . Therefore, the system can be described by a set of statespace equations (9).
VI. SOLAR POWER CONVERTER DISCRETE-TIME CONTROL DESIGN
The discrete-time model ( (10) and (11) 
where
is the control gain. Note that f and g are unknown due to degradation of the converter capacitor C in and variation in the solar panel characteristics. Thus, here an adaptive NN controller is utilized to overcome the unknown dynamics. Define the tracking error as
is bounded away from zero and is bounded above in a compact set Ω . Without loss of generality, we assume that it satisfies
In Ω where min g and max g are positive real constants.
Next the controller development is introduced.
A. State Feedback Controller Design
In this section, a NN controller that employs the tracking error, NN function approximation capability, and a novel NN weight estimate tuning scheme is developed. The stability criterion is then elaborated to show the stability of the tracking error as well as NN weight estimates.
By using (12) and (13) the tracking error dynamic can be written as
The ideal stabilizing control input can be defined as 
where W is the target NN weight matrix and (.) ρ is the activation function. In practice, the target weights W is not available and only an estimation of the NN weights is available. Thus, d u is approximated as d û by using a NN
where T Ŵ is the NN weight estimation matrix.
Now define the weight estimation error as
=ˆ. By using (17) tracking error (13) dynamics become
Next define the NN weight update law as
is a positive design constant. By subtracting the target weights from (19), we have
The presence of the parameter 1 < c in the above update law (19) prevents the NN weight estimates from remaining large after the regulation error becomes small, as opposed to conventional update laws [14] , [21] where
B. Stability Analysis
In this part we present the stability of the nonlinear discrete-time system (12) In order to confirm the theoretical analysis and control design, the solar power generation system is tested in the Matlab Simulink environment. The solar system shown in Fig. 1 is connected to a three phase load. The inverter gain ( inv k ) and the angle of inverter voltage ( γ ) are tuned to satisfy equations (6) and (8) and a PSS is utilized in the renewable generator controller. The GTI observer/controller parameters have been chosen according to [20] . The speed signal input to the PSS is provided by the state λ from the observer. Also, The control objective is to damp the converter capacitor voltage error caused by the disturbance besides maintaining the solar power constant after a disturbance or load change. In order to evaluate the effectiveness of the controller, the three phase load changes from (Fig. 4) . As Fig. 7 shows, in constant duty cycle condition, the load change causes load increasing, while the controller adjusts the duty cycle value to the new load condition to maintain the converter power and voltage constant.
The results imply that the controller mitigates oscillations caused by load change faster and presents a significantly better transient response than the system without controller. Moreover, the proposed controller does not require any data about the new load condition and adjusts the duty cycle according to the desired input voltage and power; whereas, for the system without controller the duty cycle value must be estimated accurately based on load awareness. 
VI. CONCLUSIONS
A nonlinear discrete-time model of a photovoltaicconnected buck converter and its stabilizing controller design is presented in this paper. The interaction of the solar array dc-dc converter with the GTI is addressed. Simulation results show improved performance and stability of the proposed converter discrete-time controller over the conventional methods in the presence of the power system disturbance. The theoretical conjectures and simulation results of the controller imply that the converter input voltage and power as well as the inductor current are stabilized desirably at their initial set points, which verifies the accuracy of the converter discrete-time model and the effectiveness of the proposed discrete-time controller.
